Introduction
The human body consists of many different habitats colonized by various microbes. As greater attention is given to the microbial inhabitants of each human environment, we gain broader understanding of the role these organisms may serve in the physiology of the host.
There now are numerous studies characterizing the interplay between diet and bacterial community members in the human gastrointestinal tract [1] [2] [3] that highlight the important contribution of bacteria to human physiology, and conversely, diet on community composition. Others have suggested that human indigenous microbial communities are involved in homeostasis [4] , and that community perturbations may have consequences for human health [5] . Following antibiotic perturbation, microbial community composition may slowly return to a profile similar to that which pre-dated the antibiotic administration [5, 6] . The indigenous microbiota is known to be altered in chronic periodontal disease, implicating microbial communities as potential etiological agents [7] [8] [9] .
Much of the study of human microbial communities has focused on the bacterial component. However, there now is substantial evidence that viral communities coexist in these human habitats [10] [11] [12] [13] [14] [15] . In human saliva, viral communities vary substantially between subjects, and carry numerous virulence factors potentially involved in adaptation of bacterial hosts to the human oral environment [11] . Similar to the findings of research focused on human feces [13] , lysogenic viruses are known to be common inhabitants of human saliva [11] . Despite recent data characterizing these human viral communities, relatively little is known about their interactions with their bacterial hosts.
CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) loci are part of the CRISPR/Cas system in bacteria and archaea, and are known to be involved in acquired immunity against viruses and plasmids [16, 17] . CRISPR loci evolve through the acquisition of new spacers at sites between palindromic repeats. These spacer sequences contain short fragments of DNA from viruses or plasmids, and confer resistance to matching viruses and plasmids through nucleic acid interference [18] [19] [20] . CRISPRs have previously been shown to reflect adaptation of host organisms to local virus populations in acid mine drainage systems [21] . In human saliva, streptococcal CRISPRs represent unique characteristics of individual subjects at each time point studied [11] . We studied two separate groups of streptococcal CRISPRs in human saliva and compared their sequences with those of salivary viruses to determine if streptococci in the human oral cavity develop resistance to the specific viruses they encounter in these ecosystems.
Results

Identification of salivary viruses
We recruited 4 human subjects in good overall oral and periodontal health and collected saliva from January 2008 to July 2009 (Supplemental Table 1 ). All subjects donated saliva on Day 1, Day 30, Day 60, and Month 11. Two additional samples were collected from two of the subjects on Month -3 and Month -6. No specific intervention took place at any time during the study. To isolate salivary viruses, the saliva samples were sequentially filtered, subjected to cesium chloride density gradient purification, and the resulting DNA subjected to pyrosequencing using FLX titanium technology as previously described [11, 22] . Viromes were sequenced for each subject at all time points for a total of 2,588,172 reads, including subjects #1 and #2, which were sequenced as part of a prior study [11] . With a goal to characterize the most abundant viruses present, we obtained approximately 129,000 reads per time point and assembled each into larger contigs (Table 1) . Each contig was subjected to blastX analysis based on the NCBI non-redundant (NR) database, and contigs with homologues to known viral elements were identified. The majority of the contigs in each subject across each time point had no identifiable homologues in the NR database; however, many contigs did have homologues to known viral elements ( Figure 1 ). While there were homologues to sequences from known bacteria, they may represent bacterial elements in viral genomes or prophage in bacterial genomes. The presence of homologues to hominid and other sequences mostly reflects similarity to redundant eukaryote DNA; however, compared to other studies there was a far lower percentage of sequences homologous to eukaryote DNA (Supplemental Table 2 ).
Analysis of Streptococcus Group II (SGII) CRISPR spacers
We amplified SGII CRISPR spacers from each specimen, as previously described [12] . We chose a metagenomic approach to evaluating CRISPRs based on their repeat sequences known to be present in the genomes of Streptococcus gordonii and S. thermophilus (Supplemental Table 3 ), as we had previously analyzed Streptococcus Group I (SGI) CRISPR spacers present in S. mutans, S. pyogenes, S. mitis, S. salivarius, S. anginosus, S. sanguinis, and S. agalactieae [12] . The benefit of this metagenomic approach is that numerous different CRISPR loci harboring these repeat motifs can be evaluated simultaneously; however, the technique is limited in that we cannot assign individual CRISPR spacers to a single species or strain. From all subjects combined, we characterized 21,118 spacers, of which 3,473 (16%) were unique ( Table 2) . As was previously seen for SGI spacers [12] , the estimated SGII spacer richness varies over time and between subjects (Supplemental Figure 1) , while Good's coverage estimate was >71 for all individual time points and >88 for all subjects when all time points are combined ( Table 2) .
Newly identified spacers
Unique SGII and SGI spacers were identified for each subject at each time point (Figure 2 ). While many SGII spacers were shared for all time points in each subject (18% for subject #1, 3% for subject #2, 4% for subject #3, and 3% for subject #4) (Supplemental Figure 2) , there were newly identified spacers at each time point in all subjects (ranging from 25% to 75%). Because mutations occur frequently in viral genomes, we measured CRISPR spacers that match virome matches (also referred to as protospacers) with an allowance for a single mismatch in any nucleotide along the length of the sequence [23] . Many of the newly identified SGII and SGI spacers at each time point have matches to virome reads ( Figure 2 Panels A and B), suggesting that the streptococcal community may be adapting to local viruses. A much smaller proportion of the newly identified CRISPR spacers have homologues to various known bacteriophage, plasmids, and streptococcal genomes (Supplemental Table 4 ). Through examination of the homologues to newly identified spacers at each time point, we find that many are homologous to the same bacteriophage and plasmids as spacers from prior time points (Figure 2 Panel C and Supplemental Figure 3 ), suggesting that many bacteriophage and plasmids are repeatedly targeted by an evolving oral CRISPR repertoire.
While most SGII spacers were unique to each subject, the greatest degree of inter-individual spacer sharing (approximately 8%) is shared between subjects #1 and #2 (Supplemental Figure 4 ). That these subjects reside in the same household, suggests that their shared spacers result from common environmental factors or direct contact. Principal coordinates analysis demonstrates that the variation present in SGII CRISPR spacers was unique to each subject (Supplemental Figure 5) , similar to the variation previously found for SGI CRISPR spacers [11] . No SGII spacers were identical to any SGI spacers, indicating that SGI and SGII CRISPRs likely reflect exposures to different virus populations.
CRISPR spacer matches in human salivary and other viromes
We tested whether SGI and SGII CRISPR spacers are specific to salivary viruses by comparing them with virome reads from each subject. For all subjects, there were 3422 (0.13% of the virome reads) unique salivary virome reads with SGI CRISPR spacer matches and 3964 (0.15% of the virome reads) unique reads with SGII CRISPR spacer matches (Supplemental Figure 6 ). There were some oropharyngeal virome reads that had SGI and SGII spacer matches (0.02% and 0.04% of the virome reads for SGI and SGII spacers, respectively) from a different group of subjects [15] . No marine virome reads [24] or human fecal virome reads [13] had CRISPR spacer matches, and only 3 reads from a pooled human respiratory tract virome [14] had CRISPR spacer matches (<0.00% of the virome reads), suggesting that SGI and SGII spacers are the result of relatively specific exposures to human oral viruses.
When comparing spacers with virome reads from that same subject, we found numerous reads matching SGI and SGII spacers (Supplemental Figure 7) , with the majority containing a single nucleotide mismatch (Supplemental Figure 8) . Within individual subjects, the SGI and SGII spacers present on any particular day also had corresponding viral protospacers from that day as well as most other days studied ( Figure 3 and Supplemental Figure 9 ). These findings indicate that CRISPR spacers coexist with corresponding protospacers and that certain CRISPR spacers persist in the community. In subjects #1 (p<0.0005), #2 (p<0.005), and #4 (p<0.005), SGII spacers present at multiple time points have a much higher proportion of matching virome reads than spacers that are unique to single time points ( Figure 4) ; for SGI spacers, only subject #1 (p<0.0005) had a significantly higher proportion of spacers shared between multiple time points matching virome reads.
CRISPR spacers match virome reads among different subjects
We tested whether CRISPR spacers from each subject were found in the virome reads from other subjects to determine whether streptococci from individual subjects might have the potential to counteract viruses from others. Many SGI and SGII CRISPR spacers were identified from individual subjects that had matches in the viromes of others ( Figure 5 ). We also tested whether each subject was more likely to have CRISPR spacers matching their own viruses than viruses in other subjects. At each time point, the fraction of CRISPR spacers with matches to each of the subject-associated viromes was compared (Supplemental Figure 10 ). For SGI, each subject was no more likely to have spacers with matches in their own virome than in the viromes of other subjects. For SGII spacers, both subjects #1 and #2 were more likely across nearly all time points to have spacers that matched their own viruses than viruses from other subjects (p = 0.00024 and p = 0.0046, respectively).
We analyzed the virome contigs from each subject at each time point, and found numerous viral contigs that were matched by CRISPR spacers from each subject and time point (Supplemental Figure 11) . The relative proportion of contigs that had CRISPR spacer matches was no different for contigs with known viral homologues than for those without (0.7% vs. 0.6%, respectively), suggesting that many of the contigs without viral homologues likely also are viral in origin. To determine if many of these virome contigs have been repeatedly sampled by streptococci, we analyzed the number of CRISPR spacers that matched each individual virome contig. We found that for SGI and SGII CRISPR spacers, there were numerous CRISPR spacers that matched virome contigs (ranging from 1 to 30 different spacers per virome contig) ( Figure 6 ). In general, there were more SGI CRISPR spacers that matched virome contigs for each subject than SGII CRISPR spacer matches. Some viral contigs with matching CRISPR spacers have homologues to known streptococcal viruses (Supplemental Figure 12 ). There were no SGI or SGII spacers that targeted the same virome read or contig, suggesting that different viruses are targeted by each CRISPR system.
Protospacer-associated motifs
Previous studies have suggested that the CRISPR/Cas system is only capable of sampling viral sequences that are flanked by motifs called protospacer-associated motifs (PAMs), which generally are located within a few nucleotides of the 3′ end of the protospacer [25] . Our analysis of SGI CRISPRs demonstrated that there are specific 3′ motifs (Supplemental Figure 12) , consistent with previously identified PAMs for these specific repeat motifs [25] . Because we cannot identify with certainty the positive strand of each virus, we analyzed the 3′ ends of the protospacers from both strands, likely resulting in an underestimation of the presence of PAMs by 50%. For SGII spacers, no previously identified PAMs were recognized; however, there were some motifs present at conserved positions (Supplemental Figure 13 ). The presence of these conserved motifs supports the hypothesis that SGI and SGII CRISPRs are specific for salivary viruses.
Discussion
While previous studies have examined CRISPR-virus interactions in various ecosystems [21, 26, 27] , we provide the first such analysis in humans. By sampling our subjects at various time points over a 17-month period, we were able to assess whether potential interactions between streptococcal CRISPRs and viruses persist over time. We analyzed CRISPR spacers from two distinct repeat sequence families in order to examine dynamics in different groups of streptococci. That no SGI or SGII CRISPR spacers were identical in any subject, nor any individual virome contigs targeted by both SGI and SGII CRISPRs, supports the assumption that SGI and SGII CRISPRs tend to be harbored by different streptococci. As has previously been noted for SGI CRISPRs [12] , SGII spacer richness varies considerably between different subjects and generally is greater than that of SGI spacers ( Table 2 and Supplemental Figure 1 ).
The abundance of SGI and SGII CRISPR protospacers in the salivary viromes lends support to the concept that oral streptococci adapt to salivary viruses and that the history of hostviral encounters can be deciphered from CRISPR sequences [12, 21] . Our finding of multiple streptococcal protospacers in many viral contig sequences provides further support to this contention. The finding of numerous protospacers in virome contigs (Supplemental Figure 11 ) and the newly identified spacers at each time point matching viruses that also were targeted at earlier time points (Figure 2 ) suggests that these viruses have been repeatedly targeted by the CRISPR/Cas system. While there are limited viromes available for comparison, the presence of streptococcal protospacers in pooled oropharyngeal viromes from unrelated subjects suggests that there are viruses common to saliva and the oropharynx. Human sputum is commonly known to be contaminated with saliva, which likely explains our finding a few protospacers present in a pooled human respiratory virome. Interestingly, for both SGI and SGI CRISPR spacers, there are certain time points that when compared to others are highly enriched for viruses with matching protospacers (Figure 3 and Supplemental Figure 9 ). These matching protospacers are independent of virome sampling depth, and we believe reflect a true biological phenomenon such as a higher proportion of CRISPR-targeted lysogenic phage present in the community at these time points. A much finer sampling effort than the one presented here would be necessary to decipher how virome characteristics may vary over short time periods.
Our analysis clearly demonstrates that CRISPR spacers and viruses with corresponding protospacers coexist at the same time in a given subject; however, our amplification methods preclude assessment of CRISPR locus evolution because our analysis suggests that the repeat based priming leads to altered spacer order in CRISPR loci [12] . The coexistence of viruses and matching CRISPR spacers presented here is similar to those previously reported for acid mine drainage systems [21] . There also were many instances of CRISPR spacers with matches in viromes from other subjects. While this could potentially reflect a history of shared streptococci harboring these CRISPRs in different subjects, the vast majority of the CRISPR spacers were subject specific (Supplemental Figure 4) , and thus strain ancestry cannot account for most of the CRISPR spacers that match virome reads from different subjects. One potential explanation for viral protospacers that match CRISPR spacers from different subjects may relate to the fact that PAMs determine which portions of salivary viral genomes can be sampled. As such, relatively conserved portions of virus genomes adjacent to PAMs may be sampled, resulting in CRISPR spacer repertoires more highly adapted to conserved portions of salivary viruses.
While there are many aspects of the human microbiome that have yet to be thoroughly examined, the analysis presented here substantially broadens our understanding of the interplay between bacteria and their viruses in the human oral cavity. From the identification of salivary viruses, to the analysis of CRISPR groups in various streptococci, we now know that these prominent members of the oral microbiome possess a substantial immune repertoire to counteract oral viruses. Through analysis of the most abundant viruses present, we also have demonstrated that there are robust oral viral communities present in the saliva of each subject. Many of these viromes have similar features including an abundance of identifiable bacteriophage, high estimated diversity, and numerous factors putatively involved in virulence functions similar to previous analysis of salivary viromes [11] . That each subject studied has CRISPR spacers that match viruses from all other subjects studied, suggests that streptococcal CRISPR/Cas systems may have the ability to respond to viruses with matching protospacers they have yet to encounter regardless of whether their matching spacers are newly acquired at the 5′ end of the locus or the entire locus is inherited. As we continue to explore the human microbiome, the interactions between viruses and their host bacteria are critical to an understanding of the processes that shape the human indigenous microbiota.
Experimental Procedures Subject enrollment
Recruitment of each subject and enrollment in the current study was approved by the Stanford University Administrative Panel on Human Subjects in Medical Research. Each subject donated saliva samples over an 11 to 17 month time period from January 2008 to July 2009. Each subject received a baseline periodontal examination including measurements of probing depths, clinical attachment loss, Gingival Index, Plaque Index, and gingival irritation [28] , and were all found to be periodontally healthy with an overall average clinical attachment loss of <1mm. In addition, all subjects had normal oral mucous membranes and were free from non-restored carious lesions. Exclusion criteria included antibiotic administration during the 12 months prior to the beginning of the study and preexisting medical conditions that could result in immunosuppression.
Isolation and analysis of viruses
Saliva from human subjects was filtered sequentially through 0.45μ and 0.2μ filters to remove cellular debris, and the remaining fraction purified on a cesium chloride gradient as previously described [11] . Only the fraction at the density of most known viruses [29] was retained; it was then further purified on Amicon YM-100 protein purification columns (Millipore, Inc., Bellerica, MA), and treated with DNASE I, followed by lysis and DNA purification using Qiagen UltraSens virus kit (Qiagen, Valencia, CA). Resulting DNA was amplified using Qiagen RepliG MDA amplification (Qiagen, Valencia, CA), fragmented and bar-coded libraries created, followed by sequencing using primer A on a 454 Life Sciences Genome Sequencer FLX instrument using Titanium chemistry (Roche Applied Science, Indianapolis, IN). Reads from each subject at each time point were subjected to quality control to remove low quality reads, defined as short reads (reads <100 nucleotides), reads with >10 homopolymer tracts, and reads with ambiguous characters. Remaining reads were analyzed using CLC Genomics workbench 3.65 (CLC bio USA, Cambridge, MA) to construct assemblies based on 98% identity with a minimum of 20% read overlap, consistent with criteria developed to discriminate between highly related viruses [30] . Because the shortest reads were 100 nucleotides, the minimum tolerated overlap was 20 nucleotides, and the average overlap ≥20 nucleotides (range 20-43 nucleotides) depending on the characteristics of each virome. Contigs were assigned to categories (virus, bacteria, hominid, unknown, and other) based on the presence of known homologues using blastX analysis of the NCBI non-redundant database with an E-score cutoff value of 10 −3 . Reads were assigned to the category 'Hominid' if they were assigned to Homo sapiens or Pan troglodytes. Reads were assigned to the category 'Other' if they did not meet the criteria for the other outlined categories, and usually represented homologues to redundant eukaryote DNA. For subject #1 on Day 60, subject #3 on Day 60, and subject #4 on Day 1, there likely was clonal Ralstonia eutropha contamination (a significant proportion of the virome reads map to different areas of the Ralstonia eutropha genome) that represented less than 15% of the reads in each of these respective viromes. Contigs with significant homology (blastN Escore ≤10 −5 ) to Ralstonia were removed from subsequent analysis. No reads or contigs with significant homology to Ralstonia had protospacers matches to SGI or SGII CRISPR spacers. Viral contigs were analyzed using FGenesV (Softberry Inc, Mount Kisco, NY) for ORF prediction, and individual ORFs analyzed using blastX analysis against the NCBI nonredundant database. If the best hit were to a hypothetical gene or to a gene with no known putative function, lower level hits with known putative function and an E-score of at least 10 −3 were used for the annotation (Supplemental Figure 10) . Specific viral homologues were determined by parsing blastX results for known viral genes including replication, structural, transposition, restriction/modification, hypothetical, and other genes previously found in viruses for which the E-score was at least 10 −3 [11] . Results then were manually analyzed to ensure accuracy.
Amplification of streptococcal CRISPR spacers
From each subject, genomic DNA was prepared from saliva using Qiagen QIAamp DNA MINI kit (Qiagen, Valencia, CA). Primers SGRPF-1 (CAGTTACTTAAATCTTGAGAG) and SGRPR-1 (AGATTTAAGTAACTGTACAAC) were designed based on their specificity to the CRISPR repeat motifs present in S. gordonii str. Challis substr. CH1, S. thermophilus LMD-9, S. thermophilus LMG-18311, and S. thermophilus CNRZ-1066, and were used to amplify CRISPRs from salivary DNA by PCR. Reaction conditions included 5μl 10X PCR buffer (Applied Biosystems, Foster City, CA), 3μl MgCl2 (25mM), 1μl of each of the forward and reverse primer (20pmol each), 0.5μl AmpliTaq DNA polymerase (Applied Biosystems, Foster City, CA), 5μl salivary DNA template, and 34.5μl H 2 O. The cycling parameters were 3 minutes initial denaturation at 95°C, followed by 30 cycles of denaturation (60 seconds at 95°C), annealing (60 seconds at 45°C), and extension (5 minutes at 72°C), followed by a final extension (10 minutes at 72°C). CRISPR amplicons were purified using Qiagen QIAquick PCR Purification kit (Qiagen, Valencia, CA), and purified amplicon mixtures were cloned into the pCR4 vector using Invitrogen TOPO TA Cloning Kit for Sequencing (Invitrogen, Carlsbad, CA). For each subject at each time point, 384 clones were picked, and subjected to Sanger sequencing using standard M13 primers.
Analysis of streptococcal spacers and repeats
CRISPR sequences were analyzed using Sequencher 4.9 (Gene Codes Corporation, Ann Arbor, MI). Primer sequences were removed and only those sequences with a length of >80 nucleotides and a quality score >80% were chosen for further analysis. CRISPR repeats were identified based on an algorithm that searches for the first 5 nucleotides of the CRISPR repeat motif (GTTTT) followed by the last 5 nucleotides (ACAAC) of the motif, with allowances for single nucleotide polymorphisms at any nucleotide position. The repeats were defined as any set of nucleotides approximately 36 nucleotides long (range 30-42 nucleotides, median 36 nucleotides, average 36 nucleotides) that begins and ends with the aforementioned nucleotides. In addition, for all subjects at all time points the sequences were manually examined to ensure that no repeat motifs went undetected and that no errors occurred in the classification of repeat motifs. Spacers were defined as any nucleotide sequence (length ≥ 20) located between repeat motifs. Only clone sequences containing at least 2 full repeat motifs and 1 spacer were retained, and all others were removed from the analysis. Spacers were grouped according to 3 rules: 1) spacers that were identical, 2) spacers that were identical, with the exception of a single nucleotide polymorphism, and 3) spacers that differed in length, but were identical over the length of the shorter spacer. For each subject at each time point, a database of spacers and repeats was generated, and databases were compared to determine shared spacers and repeats, and to create heat maps using Java Treeview [31] . Good's coverage was determined as the estimation of the number of singletons in the population (n), compared to the total number of sequences (N), using the equation [1-(n/N)] x 100 [32] . Rarefaction analysis was performed based on species richness estimates of 10,000 iterations using EcoSim [33] . Beta Diversity was determined using Sorensen's similarity, which also was used as the input for principal coordinates analysis. Spacers from each subject were subjected to blastN analysis based on the NCBI nonredundant database. Hits were considered significant based on bit scores ≥50, which roughly correlates to 2 nucleotide differences over the 30 nucleotide average length of the spacers.
Analysis of protospacers
All CRISPR spacers from each subject were placed into a database and used to search virome reads and contigs. Protospacers were defined as virome sequences that were identical or had a single nucleotide mismatch when compared to the CRISPR spacers sequences. Protospacers could be present on either the sequenced strand for each virome sequence or its reverse complement. Control databases included a virome from the Sargasso Sea [24] , human respiratory tract viromes [14] , human oropharyngeal viromes [15] , and viromes from human feces [13] . Numerous other aquatic and environmental viromes had no protospacer matches to the streptococcal CRISPR spacers, but were not reported here. CRISPR spacers for each subject and time point were used to search all of the virome reads and contigs for protospacer matches, and the number of spacer matches per virome read or contig were used to create heatmaps. These heatmaps were normalized by the total number of protospacers per virome read or contig for each time point, and were generated using Java Treeview [31] . For the analysis of CRISPR-spacer read matches (Figure 4 and Supplemental Figure 7) , the number of reads that had matching spacers was normalized by the number of reads present for each time point. PAMs (Protospacer Associated Motifs) were determined by taking the 8 nucleotides at either end of protospacers found in viral sequences. All of these 3′ and 5′ sequences were added to a database and analyzed using Weblogo [34] . Because we were unable to determine whether we were examining the forward or reverse DNA strand for each virome read with a protospacer, we examined the 3′ and 5′ ends for both DNA strands, which likely resulted in a 50% reduction in the frequency of the PAMs presented (Supplemental Figure 13) .
Statistical analysis
A rank test was used to assess whether a subjects' virome reads were more likely to match CRISPR spacers from that individual compared to the CRISPR spacers from other individuals in the study. The approach was used to eliminate bias that might be introduced by the fact that the number of spacers observed for each subject and time point is variable. For each subject and time point, all subjects were ranked according to the fraction of virome reads from that subject with spacer matches in that subject and time point. Thus, a rank was produced for each observation of each subject. For example, subject #1 was observed at 7 time points, producing a total of 7 rankings of 4 numbers. For each (subject i, time j) point, the data were reduced to binomial counts by counting a '1′ if among the fractions of virome reads from all subjects, the fraction of virome reads from subject i had the most spacers that matched in that subject, time pair. The R programming language was used to perform an exact binomial test of p=1/4. Fisher's exact test was used to determine whether the proportion of shared and unique CRISPR spacers have equal distributions of virome read matches.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Putative biological assignments for contigs from human salivary viromes. Contigs were assigned to biological groups based on significant blastX E-scores based on the NCBI nonredundant database. The percentage of contigs assigned to each biological group is demonstrated for each subject at all time points. Subjects #1 and #2 were sampled at additional the additional time points of Month -6 and Month -3, however, no intervention took place during the study. Number of virome contigs with multiple SGI and SGII CRISPR spacer matches. The number of contigs is represented on the Y-axis, the number of CRISPR spacer matches for each contig is represented on the X-axis, and the different colors represent the subject from which each CRISPR spacer was derived. 
